The outstanding thermal damage effect of thermobaric explosive (TBX) is enhanced in closed or semiclosed spaces, which may pose a serious threat to the security of people sheltered in tunnels or other protective engineering. In order to investigate the thermal environment inside a tunnel after thermobaric explosion, we developed a damage evaluation method for the thermal radiation of explosion fireballs in tunnels; secondly, the air temperature distribution inside a tunnel shortly after explosion was theoretically analyzed; finally, the dynamic thermal environment after the explosion and the influences of TBXs mass and initial ground temperature on it in cases of open and blocked tunnels were numerically simulated with the FLUENT software. The results show that the fireball thermal radiation damage occurs mainly in the vicinity of the explosion source. The air temperature inside a tunnel shortly after the explosion decreases continuously with increasing distance from the explosion source and finally reaches the initial air temperature. The decay rate of air temperature inside a tunnel is slower in the blocked case, which increases the probability of causing a secondary fire disaster. The increase of explosive mass and the initial ground temperature favor the high-temperature performance of TBX, especially for the blocked tunnel.
Introduction
Thermobaric explosive (TBX), a new subcomponent of volumetric explosives presents a number of advantages with respect to traditional high explosives, including longer duration, higher impulse shock wave, and diversified damage effects [1, 2] . The weapons filled with TBX depend mainly on the pressure and thermal effects instead of armour-penetrating or fragmentation damage effects to achieve destruction, which overcomes the shortcomings of typical blast/fragmentation munitions for specific targets, such as buildings, field fortifications, and tunnels [3] [4] [5] . Therefore, TBX is a serious threat to the survival of existing protective engineering in wartime.
Due to its outstanding features, the damage effects of TBX have been the focus of much research in recent years. Many studies have been conducted on the overpressure field and pressure damage effects [6] [7] [8] [9] [10] , while research on thermal effects is less because of the inherent view that the damage severity of shock wave is far greater than that of thermal radiation. This view is always correct for traditional high explosives, but not for TBX, since the addition of high energy metal powder makes the reaction time and space scale of TBX higher than those of high explosives. In some closed, semiclosed, and other specific circumstances, the explosion thermal damage severity even exceeds the shock wave [11] . Therefore, it is of great significance to study the thermal effects of TBX, including explosion fireball radiation and dynamic thermal environment after explosion in adjacent areas of explosion source.
Mohamed et al. [12] recorded the explosion events in an open field for a novel thermobaric formulation with 2 kg using the high speed camera recorder; the results showed that the mushroom shape and extended action of fireball are two main TBX characteristics, and the effective lethal fireball duration can be up to 50 ms. The work of Yan et al. [13] has come to similar conclusions. Li and Hui [14] investigated the detonation temperature of TBX using infrared thermal image instrument and found that the duration of high temperature and the volume of the high-temperature cloud were 2∼5 and 2∼10 times as much as those of TNT, respectively, which implies that TBX is superior to the traditional high explosive on the temperature field.
Shock and Vibration
Combined with certain fireball models and thermal damage criterion, the damage range of thermal radiation can be evaluated. Guo et al. [15] measured the blasting fireball's temperature of TNT and TBX with different mass and then calculated the thermal damage radius of them combined with Baker's fireball model; the results showed that TBX possesses much better thermal damage effects than TNT. On the basis of their work, Li et al. [16] studied the thermal sustaining damage ability of TBX by using the thermal radiation damage equation of Pietersen, which takes into account the influence of explosion duration, as the criterion of heat damage effect and the results showed that TBX has a stronger hightemperature sustaining damage capacity. Zhong et al. [17] analyzed the thermal damage of TBX and TNT fireballs based on the Martinsen dynamic model, which can describe the dynamic changes of fireball; the results showed that the heat dose of TBX was 3.6∼4.8 times as much as that of TNT.
The above studies were conducted in the open field and cannot well reflect the thermal damage effects of TBX because of the shorter duration of fireballs. In terms of closed or semiclosed environment explosion, there are several studies. Using an enclosed explosion container to simulate the limited space, Yan et al. [18] measured the explosion field temperature of TBX to investigate the influence of postburn effect and the results showed that the effect could obviously increase the temperature of explosive products and make it keep at high level for a long time. Yan et al. [19] studied the thermal effect of TBX under semiclosed condition by testing the thermal response in tunnel after explosion using thermocouples and the results showed that the temperature field of TBX has wider range, higher temperature, and longer duration in tunnel condition, compared with that of TNT with the same mass.
However, few studies have been done on the thermal radiation evaluation method of thermobaric explosion in closed or semiclosed spaces, and even fewer works are available on the dynamic thermal environment after the explosion in such spaces, due to the difficulty in conducting effective measurements in such poor test conditions and with limited testing methods. In this paper, we first establish a damage evaluation method for the thermal radiation of thermobaric explosion fireball in a tunnel and then theoretically deduce the air temperature distribution inside a tunnel shortly after the explosion. Taking this distribution as an initial condition, we analyze the dynamic thermal environment after the explosion and the influences of TBXs mass and initial ground temperature on it by simulating the temporal and spatial variation of air temperature in a tunnel with the FLUENT software. The purpose of this paper is to investigate the thermal environment inside a tunnel after thermobaric explosion and provide prerequisites for thermoprotection design of protective engineering.
Thermal Radiation Damage Evaluation
In order to evaluate the thermal radiation damage effects of a thermobaric explosion fireball, it is first necessary to determine the heat flux or heat dose received by the targets surface. However, it is often difficult to achieve an accurate experimental measurement of these two parameters. To solve this problem, various types of thermal radiation models for fireballs, suitable for different fuels or explosives, have been proposed, including the Dorofeev model [20] , the Baker model [21] , and the Martinsen model [22] . The Baker model is a kind of semiempirical, universal, and static model, whose applicability to TBX has been demonstrated [15] . Therefore, this model is chosen for the present study.
In the Baker model, the heat flux and heat dose received by the targets surface can be, respectively, expressed according to the following two equations [21] :
where is the heat flux; is the heat dose; is the temperature of the fireball; is its diameter; is the distance from the center of the fireball; is the mass of consumed fuel, which in this case can be taken as the mass of thermobaric charge here; F is a constant whose value is 161.7;
is another constant whose value is 2.04 × 10
4 . The heat dose damage criterion is chosen in this paper to evaluate the thermal radiation damage effects of a thermobaric explosion fireball due to its applicability to a variety of transient combustion or explosion processes [15] . The corresponding damage threshold values are shown in Table 1 .
For the thermobaric explosion in an open space, the thermal radiation damage range can be calculated by
However, when the TBX explodes inside a tunnel, the flame will be constrained by the surrounding rocks, which is obviously a different process from the fireball generated by an open space explosion. In order to apply Baker model, which is suitable for open space explosions only, to the confined space explosion, the concept of the tunnel equivalent heat dose is proposed based on the following assumptions:
(1) The explosion process is instantaneous, and the heat damage is caused by the fireball radiation. (2) The effects of heat conduction, heat convection, and the heat radiation absorbed by air and by the surrounding rocks are ignored. (3) The tunnel is straight with a uniform section, surrounded by smooth and adiabatic rocks.
The relationship between the tunnel equivalent heat dose and the open space heat dose can be expressed as
namely,
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Substituting (4) into (2), the thermal radiation damage range for the thermobaric explosion in a tunnel can be calculated by
Letting = 100 kg, = 4.32 m 2 , = 3153.31 K, and = 11.96 m, the calculated thermal radiation damage range is listed in Table 1 .
Temperature Distribution

Modeling.
When the explosive shock wave propagates in a straight tunnel, it will gradually form a stable plane shock wave after undergoing several reflections [24] . In order to study the temperature distribution shortly after the thermobaric explosion, a plane shock wave propagation model is established as shown in Figure 1 .
The following assumptions have been made in order to simplify the model:
(1) Heat transfer and friction loss during the shock wave propagation are ignored, and the process is considered adiabatic. (2) The gas state in the whole process satisfies the ideal gas equation. (3) All the explosion energy of TBX has been released before the formation of the plane shock wave, ignoring the chemical reaction process. Moreover, the explosion energy is constant for a certain amount and type of thermobaric charge.
(4) The amount of the gas compressed by the shock wave is concentrated in a very thin layer of thickness Δ , immediately adjacent to the shockwave front. The gas density distribution in the thin layer is considered as uniform and equal to the wave front gas density . The gas mass in the thin layer equals to the total mass of gas existing in the tunnel of length and cross-sectional area in before the perturbation of the shock wave according to the following equation:
(5) The flow velocity distribution in the thin layer is uniform and equal to the wave front velocity .
(6) The pressure distribution in the thin layer is uniform and equal to the wave front pressure multiplied by an undetermined parameter .
According to the momentum theorem, the gas in the thin layer must satisfy the following relation:
where
Using the relations 0 = 2 0 0 / and / = ( / )( / ) = ( / ), (8) can be obtained by integrating (7) .
For a very strong shock wave, 2 0 / 2 → 0. Therefore, the above equation can be simplified as
where is an undetermined parameter. According to assumption (1), the energy released by the TBX explosion is fully converted into work, increasing the internal energy and kinetic energy of the thin layer gas. The internal energy can be expressed as
The kinetic energy can be expressed as
The explosion of thermobaric charges is a process which can be divided into an anaerobic stage and aerobic stage (or postcombustion stage). The energy released in the anaerobic stage is known as explosion heat , and the energy released in the aerobic stage, when the reaction products are stable, is referred to as combustion heat . Due to the limited support of the energy released in the postcombustion stage to the detonation [25] , the explosion heat is used as the explosion released energy. Taking into account the actual situation, a safety factor of 1.2 is employed to reduce the error caused by ignoring the energy loss and the reaction of the aluminum powder. According to the law of conservation of energy, we have the following balance:
where is the explosion heat of TBX; is the mass of thermobaric charge. Equation (12) can be further derived as
According to the assumption (3), and are irrelevant for a certain amount and type of thermobaric charge. Therefore, = 0.5 can be obtained by solving from the above equation. By substituting this value in (13) and solving for A, we obtain
Therefore, (9) can be expressed as
Combined with the basic relation of a strong shock wave, which is = (2/( + 1)) 0 2 , the peak overpressure distribution can be expressed by the following equation:
According to assumption (2), we have = . Therefore, the relation between the air temperatures at the front and back of the shock wave can be expressed as
where , , and are the temperature, density, and pressure of the air behind the shock wave, respectively; 0 , 0 , and 0 are the temperature, density, and pressure of the air at the front of the shock wave, respectively; Δ is the peak overpressure; is the specific heat ratio, which is equal to 1.4 for air. Substituting (16) into (17), we obtain the theoretical expression of the air temperature distribution in the tunnel shortly after the thermobaric explosion: 
Model Validation.
To validate the accuracy and reliability of the model proposed in this paper, the air temperature distributions calculated with the above formula are compared with Yan et al. 's experimental data [19] . Letting = 8 kg, 0 = 298 K, 0 = 101.325 kPa, = 14.545 m 2 , = 7708 kJ/kg, and = 1.4, the results are shown as Figure 2 . Figure 2 demonstrates the consistency between the theoretical and experimental air temperature distributions in the tunnel, indicating that the trend of the air temperature distribution can be well reflected by the theoretical model. Therefore, the theoretical model proposed in this paper can be used to estimate the air temperature distribution in a tunnel after thermobaric explosion.
Temperature Distribution in Tunnel.
The temperature distribution was calculated for a specific RDX-based TBX, which consists of 20% RDX, 43% ammonium perchlorate (AP), 25% Al, and 12% hydroxyl-terminated polybutadiene (HTPB) in mass fraction, exploding at the tunnel entrance [26] . The parameters were set as = 100 kg, = 3998 kJ/kg. Letting 0 = 298 K, 0 = 101.325 kPa, = 4.32 m 2, and = 1.4, and the calculated curve of air temperature distribution shortly after the thermobaric explosion in the tunnel is illustrated in Figure 3 .
The air temperature inside the tunnel decreases with the increasing distance, eventually reaching the original air temperature of the tunnel. In addition, the air temperature decreases rapidly in the range 0∼100 m and then gradually becomes nearly constant, similarly to the attenuation of shock wave overpressure over an increasing distance. 200 m long tunnel. In order to simulate the effects of the unmodeled section on results, the extrapolation method of flow field parameters was used at the end of the model [27] . The central part of the model represents the air domain with a height of 2.4 m, and the upper and lower parts are the surrounding rocks, both with a height of 3 m, which is greater than the thermal effective radius of the high-temperature air. The influence of gravity and buoyancy was taken into account.
Dynamic Thermal Environment
Governing Equations.
The continuity equation can be expressed as
where is density; is time; u is the velocity vector of the fluid. The momentum conservation equation can be expressed as
where represents the velocity components in the and directions; is the dynamic viscosity; is the pressure on the fluid microelement; represents the generalized source term in the and directions.
The energy conservation equation can be expressed as
where is the fluid temperature; is the heat transfer coefficient of the fluid;
is the constant-pressure specific heat; is the viscous dissipation term.
The air in tunnel is considered as still in the moment after explosion, and the ventilation system is stopped. The flow of high-temperature air is a low Reynolds number turbulent flow driven by the temperature difference. In order to characterize the airflow properly, the (turbulent kinetic energy) and (turbulent dissipation rate) RNG model were utilized for its better performance. The equations of the model can be expressed as follows [28] : . It is worth mentioning that the low Reynolds number turbulent flow simulated by the RNG k-model, especially in the near-wall area, needs to match the appropriate wall function to get reasonable accuracy. Therefore, we used an enhanced wall treatment to complement the turbulence model in order to improve the accuracy in simulating the turbulent flow and the complicated near-wall flow field.
Boundary and Initial Conditions
Boundary Conditions.
The above-mentioned equations are subject to the boundary conditions indicated by Figure 4 . The detailed boundary conditions for this problem were set as follows.
The far-field boundaries were set as no-slip solid walls with a constant temperature equivalent to the initial temperature of the surrounding rocks.
The two interfaces between separate blocks were considered as interior surfaces and set as temperature-coupled walls.
There are two kinds of boundary conditions for the tunnel entrance: one is the pressure outlet boundary, which was applied to the open tunnel case; the other is the wall boundary with third temperature boundary condition, which was applied to simulate the case in which the tunnel is blocked by fallen rocks. For the pressure outlet boundary, the return air temperature was set to 298 K, ignoring the outdoor air temperature changes under the influence of the explosion. As for the wall boundary, the convective heat transfer coefficient was taken as 14.5 W/m 2 ⋅K [29] , and the free stream temperature was set to 298 K.
Initial Conditions.
The temperature distribution shortly after the explosion was assigned to the air field as the initial condition in the numerical model by a User Defined Function (UDF), which is a C language file that can dynamically connected to the FLUENT solver to improve its simulating performance. It is worth noting that the calculated temperature is relatively high in the vicinity of the explosion source. We therefore made a correction by setting the fireball temperature (3153.3 K) as the air temperature at the explosion source and connecting to the theoretical curve in 3000 K by linear attenuation. Considering the radiation heat transfer between the high-temperature air and the surrounding objects, the Discrete Transfer Radiation Model (DTRM) was selected.
The surrounding rock was considered to be homogeneous and isotropic, and its initial temperature was set to 293 K.
Material Physical Properties.
The physical properties of the surrounding rock are shown in Table 2 .
For the high-temperature air, the main physical parameters of the high-temperature air in the tunnel vary significantly with temperature, according to the following empirical piecewise polynomial functions [30] : In addition, the air viscosity can be calculated by the following equation [31] :
where 0 = 0.18 × 10 −4 Pa⋅s, 0 = 298 K, and = 110.4.
Solution Scheme and Procedure.
A quadrilateral mesh was applied to the model and appropriately refined at the fluid-solid coupling region, amounting to 44000 mesh. The governing equations were discretized using the finite volume method and solved by the SIMPLE algorithm combining the conditions mentioned above. All the presented numerical results were calculated by using the FLUENT software with a time step of 0.1 s. The convergence was reached when residuals were smaller than 10 −6 for energy and 10 −3 for other variables. Figure 5 shows the temporal and spatial variation of temperature in the open tunnel case after the explosion of 100 kg TBX at the tunnel portal. During the preliminary period, high-temperature air near the explosion source flows towards the top of the tunnel due to the action of the buoyancy force and then forms a ceiling jet. The entrainment of such jet causes the cold air outside and the cooler air in the depth of the tunnel to flow along the bottom of the tunnel towards the explosion source in a natural convection process with thermal stratification. As time elapses, the high-temperature region gradually concentrates on the top and moves deep into the tunnel. This is probably due to the difference in driving forces caused by the unbalanced temperature difference on both sides of the high-temperature region and to the cooling effect of the air outside the tunnel.
Results and Discussion
Open Tunnel Case.
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Temperature: 300 400 500 600 700 800 900 1100 1300 1500 1700 In order to achieve a more accurate understanding of the temporal and spatial distribution of the air temperature inside the tunnel, Figure 6 presents the curve of maximum air temperature measured at a height of 20 cm below the tunnel ceiling. The high-temperature region shows a very wide range, and its displacement and attenuation are easily observed at times until 240 seconds. Furthermore, the temperature curves of 240 s, 480 s, and 840 s are almost coincident, which means that the relatively high temperature of 308∼348 K is sustained for a long time after the explosion. This phenomenon is mainly due to the high content of aluminum powder as thermite in the TBX. When the explosive explodes, the thermite flies and deflagrates, eventually forming a high-temperature cloud with a wide range, showing volume explosion characteristics. Since the surrounding air has received the heat generated by the explosion and after-burning of TBX, on the one hand, the explosion temperature will be higher; on the other hand, the high-temperature duration will increase.
Blocked Tunnel Case.
The temporal and spatial variations of temperature in the blocked tunnel case are illustrated in Figure 7 . Unlike the open tunnel case, the hightemperature air can only flow deep into the tunnel along the ceiling due to the blocked entrance in this case, entraining the cooler air from the depth of the tunnel and establishing a one-sided natural convection. As a major difference between the two cases, the high-temperature region is concentrated near the explosion source in the blocked tunnel, stretching gradually over time, but without a clear displacement. This difference could be attributed to the shortage of cold air from the outside. Another difference lies in the disappearing of thermal stratification at 300 s in the blocked tunnel case, with the temperature distribution in the longitudinal section of the tunnel becoming nearly uniform at later times. One reason for this could be that the entrained cooler airflow will head back when it is blocked by the fallen rock and then mixes and exchanges heat with the hot air favoring the formation of a uniform temperature field. Figure 8 shows the curve of maximum air temperature measured 20 cm below the tunnel ceiling in the blocked tunnel case. The peak temperature is always found at the second gauging point from the entrance, which is affected by the cold rock surface to a lower extent than the first one. Moreover, the relatively high-temperature region is always concentrated within 100 m of the explosion source, attenuating over time. Compared with Figure 6 , the air temperature inside the tunnel in the blocked case decreases more slowly, which means that the probability of causing a secondary fire disaster is much higher. Therefore, more attention should be paid to the thermal protection design of protective works, especially in the tunnel portal.
Influence of Explosive Mass.
In order to study the influence of TBX mass on the dynamic thermal environment changes, three TBXs of the same type with different mass (1 kg, 10 kg, and 100 kg, resp.) were chosen as the research subjects. Keeping other parameters at the same value as in the previous paragraphs, the maximum temperature attenuation curves for different explosive masses were obtained in both the open and blocked tunnel cases, and they are shown in Figure 9 . The curves indicate that increasing the explosive mass significantly increases the high-temperature duration 
Influence of Initial Ground
Temperature. In order to study the influence of initial temperature conditions on the dynamic thermal environment changes, the different annual average ground temperatures of four typical Chinese cities with totally different climatic conditions were chosen as the initial temperature of the surrounding rocks, as shown in Table 3 . Setting the TBX mass as 100 kg and keeping other parameters consistent with the previous text, the maximum temperature attenuation curves for different initial ground temperatures were obtained in both the open and blocked tunnel cases and they are shown in Figure 10 . In both cases, a higher initial ground temperature results in a slower attenuation, and the temperature difference between different conditions grows larger over time. Taking the blocked tunnel case as an example, the highest air temperature in the tunnel in the four conditions at 600 s is 336.42 K, 339.99 K, Shock and Vibration 344.55 K, and 349.07 K while the values at 100 s were 517.05 K, 519.29 K, 522.03 K, and 524.99 K. Thus, it is possible to state that a higher initial ground temperature extends the hightemperature duration of TBX. In order to investigate the extent to which the initial temperature conditions affect the thermal environment changes in different tunnel cases, the cooling time can be taken as an index and an influence rate parameter can be defined as where Δ cooling is the change in cooling time caused by the initial ground temperature change Δ , and Δ max is the maximum change in the initial ground temperature. Figure 11 shows the relationship between the change in cooling time and the change in initial ground temperature for the two different tunnel cases. The curve indicates that the cooling time increases exponentially with increasing change rate of initial ground temperature, and the influence rate (i.e., the slope of the curve) of the blocked tunnel case is larger than that of the open tunnel case at all time. In other words, the increase of initial ground temperature favors the hightemperature performance of TBX, especially for the blocked tunnel.
Conclusions
To learn about the thermal environment inside a tunnel after thermobaric explosion in detail, a damage evaluation method for thermal radiation of explosion fireball in a tunnel was established based on the Baker fireball model and the heat dose damage criterion; the air temperature distribution inside a tunnel shortly after the explosion was studied by theoretical derivation; taking the calculated distribution as an initial condition, the dynamic thermal environment after the explosion was analyzed in two different cases (open tunnel or blocked tunnel) and in different conditions (TBX mass or initial ground temperature) was numerically analyzed. Based on the above investigations, the following conclusions may be drawn:
(1) The fireball thermal radiation damage ranges for 100 kg of RDX-based TBX in a tunnel were determined based on the damage evaluation method. The thermal radiation lethal range, serious injury range, and slight injury range are 39.77 m, 48.88 m, and 73.80 m, respectively. The thermal radiation damage occurs mainly in the vicinity of the explosion source.
(2) The air temperature inside a tunnel shortly after explosion decreases continuously with the increase of distance from the explosion source and finally reaches the initial air temperature. In the calculation condition of this paper, the air temperature decreases rapidly in the range 0∼100 m and then gradually becomes nearly constant.
In the open tunnel case, the high-temperature region gradually concentrates on the top and moves towards the depth of the tunnel. Conversely, in the blocked tunnel case, the high-temperature region concentrates near the explosion source without a clear displacement and with a shorter duration of thermal stratification, stretching gradually over time. The decay rate of air temperature inside a tunnel is slower in the blocked case, which increases the probability of causing a secondary fire disaster. 
In both the open and closed tunnel cases, a higher initial ground temperature results in a slower attenuation, and the temperature differences between different conditions are larger and larger over time. The cooling time increases exponentially with increasing change rate of initial ground temperature, and the influence rate of the blocked tunnel case is larger than that of the open tunnel case at all times, showing that the increase of the initial ground temperature favors the high-temperature performance of TBX, especially for the blocked tunnel.
